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Tropopause Fold Structure Determined From Airborne Lidar 
and in Situ Measurements 

E. V. BROWELL, x E. F. DANIELSEN, 2 S. ISMAIL, 3 G. L. GREGORY, 
AND S. M. BECK • 

The first remote measurements of 0 3 and aerosols across a tropopause fold are presented in this 
paper. An airborne differential absorption lidar (DIAL) system was used to obtain profiles of O 3 and 
aerosols along a cross section of a fold on April 20, 1984, over southern Nevada and California. The 
DIAL measurements across the tropopause fold show a 2.0-km-deep layer, with high 0 3 concentrations 
and enhanced aerosol backscattering, that slopes downward from north of Las Vegas, Nevada, to the top 
of the planetary boundary layer (PBL) over Yuma, Arizona. This is the first continuous mapping of a 
tropopause fold from the upper troposphere to the PBL. Mixing ratios of 0 3 in excess of 200 parts per 
billion by volume (ppbv) were measured remotely in the fold, and these values were corroborated by in 
situ measurements of 0 3 through the fold at an aircraft altitude of 6.7 km. Enhanced aerosol back- 
scattering was observed in the tropopause fold and attributed to stratospheric aerosols from the E1 
Chichon eruption. An analysis of the potential vorticity distribution along the DIAL flight track was 
performed using radiosonde data. A high positive correlation was found between the DIAL 0 3 mixing 
ratios and the potential vorticity values in the fold. The average ratio between 0 3 and potential vorticity 
was found to be 50.2 ppbv/10 -5 cm 2 deg g-x s- • in the fold. The decrease in layer thickness, potential 
vorticity, ozone mixing ratio, and aerosol backscatter down the axis of the fold is consistent with a 
convergent entrainment of tropospheric air across both boundaries of the fold and subsequent irrevers- 
ible mixing by small-scale turbulent motions. 

INTRODUCTION 

During April 1984 a series of flight experiments were con- 
ducted over Nevada and California to study tropopause fold 
events (TFE) as part of the NASA Global Tropospheric Ex- 
periment/Chemical Instrument Test and Evaluation Project 
(GTE/CITE). An overview of the GTE/CITE flight experi- 
ments involving the intercomparison of instruments for the 
measurement of CO, NO, and OH on the NASA Ames 
CV-990 is presented by Beck et al. [this issue]. In a simulta- 
neous series of flight experiments, an airborne differential ab- 
sorption lidar (DIAL) system was operated in a nadir mode 
from the NASA Wallops Flight Facility Electra aircraft to 
obtain, by remote measurements, the first distribution of 
ozone (03) and aerosols along a cross section of a tropopause 
fold event. Also included on the Electra were instruments for 

in situ measurements of 0 3, temperature, dew point, and aero- 
sol size distribution and number density. 

On April 20, 1984, a tropopause fold was predicted to devel- 
op beneath the jet stream core over the southwestern United 
States. The Electra was based at Nellis Air Force Base, 
Nevada, to conduct flights of maximum duration in the vicin- 
ity of the expected TFE. Airborne DIAL remote measure- 
ments of 03 and aerosol distributions and in situ measure- 
ments of 0 3, aerosols, temperature, and dew point along a 
cross section of the TFE on April 20, 1984, are presented in 
this paper. The potential vorticity distribution for the same 
atmospheric cross section was derived from radiosonde data, 
and these calculations are compared to 03 distributions 
derived from the airborne DIAL measurements. 
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AIRBORNE DIAL AND IN SITU INSTRUMENTATION 

The airborne lidar system uses the differential absorption 
lidar technique to remotely measure 0 3 profiles along the 
lidar line of sight. The DIAL technique has been used from 
the ground to study 0 3 distributions in the troposphere [Asai 
et al., 1979; Pelon and Megie, 1982] and stratosphere I-Megie 
et al., 1977; Uchino et al., 1980]. The airborne DIAL system 
has made measurements of 0 3 distributions along the aircraft 
flight track in the troposphere [Browell et al., 1983, 1985] and 
lower stratosphere [Browell, 1983]. Two wavelengths in the 
286- to 300-nm spectral region are used by this system in the 
DIAL measurement of 03. Since pulsed lasers are used, the 
profile of 0 3 can be derived from the simultaneous measure- 
ment of lidar signals at a wavelength strongly absorbed by 0 3 
(286 nm) and at a wavelength weakly absorbed by 03 (300 
nm). Browell et al. [1983, 1985] discuss the characteristics of 
the NASA airborne DIAL system and the technique for mea- 
suring 0 3 profiles in the lower atmosphere. Comparisons be- 
tween DIAL and in situ 0 3 measurements have demonstrated 
agreement to within 10% for a DIAL vertical resolution of 
210 m and a 300 laser shot average, which represents a hori- 
zontal resolution of about 6 km. With the above spatial reso- 
lution the DIAL maximum measurement range is restricted to 
within a range of about 5 km from the aircraft for daytime 
measurements in a nadir operating mode. Increasing the 
number of shots averaged and/or the vertical resolution can 
increase the altitude range of the measurement. 

In addition to the two 0 3 DIAL wavelengths, laser wave- 
lengths at 600 and 1064 nm are transmitted simultaneously 
into the atmosphere in order to investigate aerosol distri- 
butions. Lidar returns at these longer wavelengths provide 
greater contrast between aerosol and molecular scattering for 
more sensitive detection of aerosol distributions, and they are 
subject to less atmospheric attenuation from aerosols and 
molecules. The spatial resolution for the airborne DIAL aero- 
sol measurements is 15 m in the vertical and 20 m in the 
horizontal. Aerosol profiles along the lidar line of sight are 
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April	  20,	  1984	  	  (30	  years	  ago!)	  



Jet	  streak	  

	   	  	  

Simultaneous	  tropopause	  folds	  above	  the	  eastern	  and	  western	  U.S.	  

Brad	  Pierce	  (NOAA/NESDIS)	  

310K	  	  (≈2	  to	  4	  km	  ASL)	  

May	  24,	  2013	  12UT	  RAQMS	  ozone	  



Jet	  streak	  

SIs	  visible	  as	  dry	  slots	  in	  water	  vapor	  imagery	  

TMF	  

ESRL	  

UAH	  

Owen	  Cooper	  (NOAA/CIRES)	  



Simultaneous	  measurements	  of	  both	  SIs	  

TMF	  

ESRL	  

UAH	  

TMF	  

ESRL	  

UAH	  

(LeBlanc)	  

(Senff)	  

(Kuang)	  

(LeBlanc)	  

(Senff)	  

(Kuang)	  



	  	  
GOES-‐WEST	  WV	  distribu>on	  
	  	  	  	  	  	  	  	  	  	  at	  18UT	  (11PDT)	  

Owen	  Cooper	  (NOAA/CIRES)	  

In	  situ	  O3,	  CO2,	  CH4,	  H2O	  

	  lidar,	  in	  situ	  O3,	  CO,	  H2O	  

	  	  	  lidar,	  sonde,	  in	  situ	  O3	  

Western	  U.S.	  measurements	  



10	  km	  	  

AJAX	  flight	  path	  to	  and	  from	  TMF	  

10	  km	  spiral	  to	  200	  m	  AGL	  above	  TMF	  



Ozone	  profiles	  above	  TMF	  on	  May	  24,	  2013	  

Small-‐scale	  structures	  above	  TMF	  caused	  by	  topographically	  
forced	  gravity	  waves	  

ozonesonde	   Alpha	  Jet	   TMF	  lidar	  



Take	  Home	  

Ozone	  lidars	  can	  provide	  informa&on	  
about	  small-‐scale	  features	  of	  SI.	  

	  
Ozone	  lidar	  networks	  can	  provide	  synop&c	  

view	  of	  large-‐scale	  features	  of	  SI.	  
	  



Tropopause	  folds	  oeen	  form	  on	  the	  western	  
flanks	  of	  deep	  upper	  level	  troughs	  

	  	  

April	  20,	  1984	  

BROWELL ET AL.' TROPOPAUSE FOLD MEASUREMENTS 2113 

IO 

Fig. 1. Isotach-(kt) analysis for 500-mbar surface at 1200 UT on 
April 20, 1984. Dots indicate radiosonde locations, and the Electra 
flight track is shown as line E-E. 

plotted in real time on the aircraft from analysis of either the 
600- or 1064-nm lidar data. This provides a continuous record 
of the aerosol distribution along the flight track for real-time 
experiment decisions. 

The in situ 03 measurement system uses a free stream, ram- 
air inlet system that is Teflon-lined and a detection system 
that is based upon a C2H,• chemiluminescence reaction with 
0 3. The instrument response time is 2 s to 90% of the final 
reading. On the basis of extensive testing, Gregory et al. 
[1983] have demonstrated that the in situ 0 3 measurements 
are accurate to 5% or 5 parts per billion by volume (ppbv), 
with a precision of about 2% or 3 ppbv. This instrument has 
been used in several previous. atmospheric experiments [Gre- 
gory et al., 1984, 1986]. 

Total air temperature was measured with a platinum resist- 
ance probe. Static air temperature was derived from the total 
air temperature, aircraft Mach number, and sensor recovery 
factor. The operating range of the temperature sensor is 
+50øC, with an accuracy of +0.5øC. An advanced cooled- 
mirror dew-point hygrometer with an extended operating 
range was also used in this experiment. Note that the term 
"dew point" is used in general in this paper to include the 
frost-point range below -40øC. The sensor head contains two 
mirrors' the primary (wet) mirror is cooled by a three-stage 
thermoelectric cooler over a temperature of -4-75øC; a second- 
ary (dry) mirror provides a reference/calibration channel for 
the microprocessor-controlled dew-point determination 
system. Through the use of dual mirrors and microprocessor 
techniques to control the temperature servo loop, this system 
automatically compensates for changes in system gain, mois- 
ture film thickness, and mirror reflectivity over the entire oper- 
ating range. This system operates continuously without the 

need for periodic rebalancing. The dew-point accuracy is 
ñ0.2øC, with a ñ0.06øC sensitivity to dew-point changes for 
flow rates from 0.25 to 2.5 L min-x over the operating range 
of ñ 75øC. The depression slew rate is specified as 2øC s-x at 
25øC ambient air temperature. The rate changes with decreas- 
ing dew-point temperature and is estimated to be approxi- 
mately 0.5øC s-x at a frost point of -60øC and an ambient 
air temperature of -30øC. 

Aerosol number densities were measured by a forward- 
scattering spectrometer probe (FSSP). The FSSP counts and 
sizes aerosols as they pass though the focused portion of the 
He-Ne laser beam. The aerosols are counted in diameter 

ranges from 0.5 to 7.5 #m, in increments of 0.5 #m. The FSSP 
counting period is selectable in flight and typically ranges 
from 10 to 90 s. Since the FSSP is mounted external to the 

aircraft with an unconstrained sampling volume, it is equally 
sensitive to liquid and solid aerosols. 

TROPOPAUSE FOLD MEASUREMENTS ON APRIL 20, 1984 

An isotach analysis at the 500-mbar pressure level is shown 
in Figure ! for 1200 UT (i.e., GMT), 6 hours before the Electra 
mission of April 20, 1984. The unusually strong jet at 500 
mbar, which is a downward extension by subsidence from the 
main jet core at 350 mbar, coincides with the warm southern 
boundary of a tropopause fold (see Figure l a of Danielsen et 
al., [this issue] for the associated temperature gradient). The 
Electra was flown from 1800 to 2400 UT along the flight track 
shown in Figure 1. The track and altitudes, ranging from 6.7 
to 8.5 km above sea level (asl), were chosen in the subsiding 
air to permit a cloud-free remote lidar survey of the fold as it 
extends southward and downward toward the planetary 
boundary layer (PBL). Airborne DIAL measurements of aero- 
sol distributions at 600 and 1064 nm were made from 1 km 

below the aircraft to the ground, and ozone profiles were ob- 
tained over a 4.0-km altitude range, which also started 1 km 
below the aircraft. 

Results of the first airborne lidar measurements of aerosols 

and 0 3 across a tropopause fold (TF) are presented in Plate 1. 
These data were obtained from an aircraft altitude of 8.2 km 

asl. Plate la is a false-color display of the relative aerosol 
distribution along the atmospheric cross section beneath the 
aircraft. This display was generated from the airborne lidar 
data at 1064 nm, with each vertical line representing the 
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Fig. 2. In situ measurements of 03, temperature, and dew point 
across a tropopause fold at an altitude of 6.7 km asl on a flight north 
from 1825 to 1925 UT on April 20, 1984. 


